With the use of a face-centered cubic model of lattice dynamics we calculate the group velocity of acoustic phonons in the growth direction of periodic superlattices. Comparing with the case of bulk solids, this component of the phonon group velocity is reduced due to the flattening of the dispersion curves associated with Brillouin-zone folding. The results are used to estimate semiquantitatively the effects on the lattice thermal conductivity in Si/Ge and GaAs/AlAs superlattices. For a Si/Ge superlattice an order of magnitude reduction is predicted in the ratio of superlattice thermal conductivity to phonon relaxation time ͓consistent with the results of P. Hyldgaard and G. D. Mahan, Phys. Rev. B 56, 10 754 ͑1997͔͒. For a GaAs/AlAs superlattice the corresponding reduction is rather small, i.e., a factor of 2-3. These effects are larger for the superlattices with larger unit period, contrary to the recent measurements of thermal conductivity in superlattices.
The propagation and scattering of acoustic phonons in a multilayered structure are of both fundamental and practical interest. The basic propagation characteristics of phonons in superlattices have been extensively studied, both theoretically and experimentally. 1 Recently, thermal transport in semiconducting [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] multilayered structures has attracted much attention due to potential application to quantum-well lasers and thermoelectric devices. 17 The thermal conductivities both parallel 2, 5, 6 and perpendicular 3, [10] [11] [12] [13] to the interfaces of semiconductor superlattices have been measured by several groups, and significant reductions compared with the values in bulk materials are reported. The thermal conductivity measured in the inplane direction is smaller than the average conductivity of the bulk constituents and decreases with decreasing superlattice period. Chen, 9 and Hyldgaard and Mahan 14 suggested that diffuse superlattice-phonon interface scattering is the key factor in explaining the thermal-conductivity reduction in the direction parallel to the layer interfaces.
A more dramatic reduction has been found in the thermal conductivity in the growth direction for both GaAs/AlAs and Si/Ge superlattices. 3, [10] [11] [12] [13] Over a wide range of temperatures ͑80-330 K͒, Capinski and co-workers [10] [11] [12] made measurements with GaAs/AlAs samples of various repeat distances. At 300 K they observed that the thermal conductivity is three times to an order of magnitude less than that of bulk GaAs, depending on the repeat distance. Lee et al. 13 measured a series of Si/Ge superlattices and found that the thermal conductivity of their samples fell below the conductivity of SiGe alloys, but above the conductivity of a-Si. Again, at high temperatures, for some of their samples, there was over an order of magnitude decrease compared to the average of the conductivity of the bulk silicon and germanium.
Chen and Neagu 8 and Chen 9 attributed the large reduction of the thermal conductivity in GaAs/AlAs and Si/Ge superlattices to diffuse interface scattering or dislocation scattering of phonons, depending on the thickness of bilayers. An alternative approach was taken by Hyldgaard and Mahan. 15 They considered the possibility that the thermal conductivity in a superlattice is reduced because the phonon group velocity is decreased relative to its value in the bulk constituents. They employed a simple-cubic lattice model, and predicted that due to this effect there should be an order of magnitude reduction in the thermal conductivity of a (2ϫ2)-Si/Ge superlattice. However, they have not shown how this reduction changes as the length of the unit period is varied. In the present work we employ a face-centered cubic ͑fcc͒ lattice dynamics model, and study the group-velocity effect more systematically than Hyldgaard and Mahan. 15 We show for Si/Ge superlattices how the reduction in the conductivity changes with the repeat distance of the superlattice. We also make similar calculations with model parameters appropriate for GaAs/AlAs superlattices to consider if the experimental results of Capinski and co-workers [10] [11] [12] can be explained by the reduction in phonon group velocity.
Here we note that the lattice thermal conductivity at a temperature T is given by the formula
where is a set of quantum numbers specifying a phonon state, which we choose for superlattice phonons as ϭ(k ʈ ,q, j) with k ʈ the wave vector parallel to the layer interfaces, q the wave number in the growth direction, and j the index specifying both the phonon mode and frequency band. Also in Eq. ͑2͒ is the relaxation time of phonons, is the angular frequency, v is the magnitude of the phonon group PHYSICAL REVIEW B 15 JULY 1999-II VOLUME 60, NUMBER 4 PRB 60 0163-1829/99/60͑4͒/2627͑4͒/$15.00 2627 ©1999 The American Physical Society velocity, and is the angle between the group velocity and the direction of the heat flow. In the experiments the thermal conductivity normal to the interfaces (z direction͒ has been measured, so we write v cos ϭv ,z in Eq. ͑2͒. Now we consider a periodic superlattice whose unit period consists of two fcc lattices ͑lattice A and lattice B) divided by an interface between two adjacent ͑001͒ planes of atoms parallel to the x-y plane ͑see We write u lmn to be the displacement of an atom from an equilibrium position r lmn ϭ(x lm ,z n )ϭ(la,ma,na) in the Nth period of the lattice. The displacement vector that satisfies Bloch's theorem required for the periodicity in the z direction takes the form
for (NϪ1)n AB рnϽNn AB , where nϭNn AB ϩñ with n AB ϭn A ϩn B the number of atoms in z direction in the unit period, and 1рñ рn AB . In Eq. ͑4͒ k ʈ ϭ(k x ,k y ) is common to lattices A and B, and q is the Bloch wave number. are obtained by a cyclic permutation of the subscripts and the superscript in Eq. ͑5͒. These equations determine 3n AB frequencies as the functions of k ʈ and q (0рqр/D). We apply the above formulas to Si/Ge and GaAs/AlAs superlattices with different length of a unit period. Hence, first we determine the parameters involved in the fcc model so that the model may best approximate the constituent materials of the superlattices. Here we note that silicon and germanium take diamond structures where a unit cell consists of two identical atoms. So, in applying the fcc model we assign M A (ϭ2ϫM Si )ϭ9.32ϫ10
Ϫ23 g and M B (ϭ2 ϫM Ge )ϭ2.41ϫ10
Ϫ22 g for a Si/Ge superlattice, where M Si and M Ge are the atomic masses of silicon and germanium, respectively. We also assume the lattice constant ã ϭ2a ϭ5.54ϫ10 Ϫ8 cm, which is the mean value of the lattice constants of bulk silicon and germanium. The force constant is taken to be Kϭ4.22ϫ10 4 g s Ϫ2 . These parameters give the bulk sound velocities in the ͓100͔ direction tabulated in Table I .
For a GaAs/AlAs superlattice we also consider only acoustic vibrations and replace two atoms in a unit cell of each material with a single atom in the fcc lattice. Thus, the chosen values are M A (ϭM AlAs )ϭ1.69ϫ10 Ϫ22 g and M B (ϭM GaAs )ϭ2.40ϫ10 Ϫ22 g and the lattice constant ã ϭ2aϭ5.64ϫ10 Ϫ8 cm and Kϭ3.35ϫ10 4 g s Ϫ2 . The calculated sound velocities are also given in Table I .
We have shown in Fig. 2 phonons propagating in the growth direction. The frequency gaps at the center and boundary of the folded Brillouin zone are larger for the Si/Ge superlattice because of the larger mass differences of the constituent atoms, and hence the reductions of phonon group velocity towards the zone center and boundary are also larger in the Si/Ge superlattice. Here we note that the calculated sound velocities coincide very well with the experimental values but the fcc model predicts the maximum phonon frequencies at the zone boundary
…, which are about 20% smaller than the measured values of the bulk materials considered.
In order to check our computer code we have calculated the lattice specific heat. As expected, the specific heats per atom of superlattices take values in between those of the constituent bulk materials at low temperatures, and approach the universal classical value of 3k B in the high-temperature limit.
We show in Figs. 3͑a͒ and 3͑b͒ the frequency dependence of the density of states ͑DOS͒ weighted by the square of the group velocity perpendicular to the interfaces, defined by
where v ,z ϭd /dq, and dS is an element of a constantfrequency surface in the Brillouin zone.
In the low-frequency region the calculated weighted DOS for an (nϫn)-superlattice takes values between those of the bulk solids, but it is suppressed considerably at high frequencies due to the flattening of the phonon dispersion curves caused by the zone folding effects. As the number of monolayers n in a unit period increases, the weighted DOS starts to deviate from the 2 dependence at lower frequencies. We find that the weighted DOS is essentially the same for all values of n larger than about 10. There exists no contribution to this quantity from the frequencies higher than the maximum frequency B max of the bulk solid of the heavier constituent. This is because the phonons in this frequency range are well localized inside the lighter layer ͑A͒ of the unit period and have no effect on the heat conduction in superlattices.
Now we consider the ratio of the thermal conductivity to phonon relaxation time defined by 
The temperature dependences of this ratio ͑per volume͒ are shown in Figs. 4͑a͒ and 4͑b͒ for the Si/Ge and AlAs/GaAs superlattices, respectively. The magnitude of for the (2ϫ2)-Si/Ge superlattice relative to those for the bulk silicon and germanium is very similar to the result by Hyldgaard and Mahan, 15 i.e., there is an order of magnitude reduction at high temperatures. However, at Tϭ1000 K the absolute magnitude for the (2ϫ2)-Si/Ge superlattice we obtained is about 40% of their result. This should be due to the fact that different lattice dynamics models are used to evaluate . Although a large reduction of is found for the Si/Ge superlattices, the reduction in for AlAs/GaAs superlattices is modest. At room temperatures is about 1/2 and 1/3 of the corresponding values for the bulk GaAs and AlAs, respectively.
As the number of atomic layers n in a unit period increases, decreases, but it saturates for nϾ10 as shown in the insets. This n dependence common to the Si/Ge and AlAs/GaAs superlattices is contrary to the experimental results, i.e., the thermal conductivity of AlAs/GaAs superlattices at room temperatures is reduced as the number n is decreased. Also we see that at very low temperatures is found between the curves of bulk solids irrespective of n, but it starts to deviate from the bulk lines as temperature increases. The temperature at which this deviation starts corresponds roughly to the frequency of the lowest phonon stop band in the dispersion relations.
To summarize, based on the fcc lattice model, we have calculated the phonon group velocities and estimated their contributions to the lattice thermal conductivity in Si/Ge and AlAs/GaAs superlattices in the growth direction. We found that the reduction of the group velocity near the folded Brillouin-zone center and edges yields a reduction in the thermal conductivity that is less than that found experimentally for AlAs/GaAs superlattices. This implies that while the phonon group velocity makes a very significant contribution to the reduction of the thermal conductivity in superlattices, other mechanisms must also play an important role. Possible effects other than phonon focusing 19 include the change in the rate of anharmonic scattering, especially due to miniumklapp scattering, 20 isotope scattering, 21 and also scattering arising from the roughness of the layer interfaces.
Finally, we note that the reduction of the thermal conductivity in the microstructures such as dielectric quantum wires has also been reported. 22, 23 More interestingly, the possibility of quantized thermal conductance at low temperatures is suggested. 
